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1. Introduction {#sec1}
===============

The phylogenetic relatedness of species in a community has been employed to explore the underlying factors that structure species diversity patterns along ecological gradients ([@bib37], [@bib3], [@bib12], [@bib20]). For example, elevation has been found to play a role in shaping community structure in communities of bacteria, which indicated that environmental filtering played a great role in shaping community structure ([@bib35]). Similar phylogenetic patterns have been found in many other communities along environmental gradients, like fern ([@bib12]), alpine plants ([@bib17]), and ants ([@bib21]). Latitudinal gradients in species diversity have long been recognized, but the factors which play a role in this are not clearly understood. One idea is that environmental factors play a major role in filtering species. Another is that evolutionary events such as extinction, speciation, and dispersal may also be involved.

Phylogenetic structure can be used to measure the mean degree of genetic relatedness among coexisting species in communities on the local scale ([@bib40]). Phylogenetic overdispersion denotes that species in communities are more distantly related than expected, while phylogenetic clustering indicates that species is more closely related than expected. According to this assumption, communities with equal species richness can be assembled with species that are either closely- or distantly-related phylogenetic background ([@bib40]).

When climate changes dramatically, or species disperse into different environments, species must survive in the new climate or go extinct. Assuming phylogenetic niche conservatism ([@bib43]), only a few lineages with the suitable ecological traits (e.g. cold tolerance) can survive the harsher (e.g. colder) climatic conditions ([@bib30]). Therefore, the plants that survive such environmental filters are often related, which results in a tendency for phylogenetic clustering along ecological gradients.

The alpine plant region is the zone above the treeline (about 4300 m in HDMR) and below the nival belt (about 5200 in HDMR) ([@bib7], [@bib44]). The typical alpine region is composed of alpine shrub at low elevations, with alpine meadows above and then alpine screes at high elevations in HDMR. The alpine area is one of the harshest zones on the planet as a result of low temperature, limited precipitation, lack of pollinators, fluctuating weather, strong winds and short growing periods ([@bib13], [@bib10]).

The HDMR is located in the eastern edge of the Qinghai--Tibetan plateau. It is an important differentiation center of many temperate plant species and a center of distribution and speciation for many alpine taxa ([@bib31], [@bib32]), which are basically temperate in nature, and many large genera of the north temperate flora contain numerous and diversified species or complexes, such as *Aconitum*, *Arenaria*, *Corydalis*, *Delphinium*, *Gentiana*, *liglaria*, *Pedicularis*, *Primula*, *Rhododendron*, *Salix*, *Saussurea*, and *Saxifraga*. Among the subnival belt flora in the Hengduan Mountains, the north temperate elements make up about 50% ([@bib44]). This indicates a close flora relationship between this region and north temperate area. Many alpine plants may spread to other areas (like north places), because alpine plants are able to adapt to cold climate, they can easy distribute into the north area along the mountain chains. This is especially true for species that originated in the north temperate area when the climate gets warm. This may lead to non-random phylogenetic patterns along the latitudinal or longitudinal gradients.

The HDMR is famous as a species refugium rich in species diversity ([@bib18], [@bib22]). Many species can move in from the north when the climate changes dramatically. For example, when temperature has decreased quickly in the past. It can also be a source for species that move out when the climate gets warmer, like during interglacial period. Therefore, this large area provides an excellent natural laboratory to investigate phylogenetic structure of species assemblages and the role of environmental factors (like temperature) play in shaping these assemblages along the longitudes and latitudes.

Here, we examine phylogenetic structure along horizontal directions. We tested two predictions: (1) communities of alpine plants with relatively favorable conditions (southern HDMR) would be phylogenetically overdispersed, and (2) communities of alpine plants with relatively harsh climates (northern HDMR) would be phylogenetically clustered. We also examined whether similar patterns of phylogenetic structure were exhibited along a longitudinal direction due to geological barriers (rivers). Finally, we examined whether key environmental factors (mean annual temperature and annual rainfall) played a role in shaping alpine plant communities.

2. Material and methods {#sec2}
=======================

2.1. Study area {#sec2.1}
---------------

The Hengduan Mountain region (HDMR) extends between 24°40′--34°00N and 96°20′--104°30′E, covering ca. 364,000 km^2^, and includes western and northwestern Yunnan, western Sichuan, southeastern Tibet, southeastern Qinghai and southwestern Gansu ([@bib14]) ([Fig. 1](#fig1){ref-type="fig"}). Seven mountain chains and six rivers make up the main geographic features across the region from north to south ([@bib15]). These geographic features make it easier for alpine plants to disperse along a north--south axis, or latitudinal gradient, rather than an east--west, or longitudinal gradient, as mountain chains provide corridors, while rivers in valleys act as barriers to alpine plant dispersal. The HDMR is also greatly affected by the Indian and Pacific Ocean Monsoon circumfluence, resulting in a distinct wet season from mid-May to October and a dry season from October to mid-May the next year ([@bib48]).Fig. 1Terrain and location of the Hengduan Mountains region, the boundary, and the 89 study sites for latitudinal and longitudinal analysis (Triangles). The major mountain chains and rivers are shown.Fig. 1

2.2. Data sources {#sec2.2}
-----------------

We generated a database for this study using surveys and previous work carried out since the 1950s, including a comprehensive scientific expedition to the Qinghai--Xizang Plateau by the Chinese Academy of Sciences, an expedition to assess the Biodiversity of the HDMR supported by China and United States, the database of Biodiversity of the Hengduan Mountains and adjacent areas of south-central China (<http://hengduan.huh.harvard.edu>), and Chinese Virtual Herbarium (<http://www.cvh.org.cn>). The database includes information on species identity, genus, family, and latitude and longitude coordinates for each entry. Species present with fewer than 20 individuals and specimens without coordinates were not retained for analysis, as we considered these species to have low relative importance. This simplification is unlikely to affect the results. There were 89 sites left for the further analysis ([Fig. 1](#fig1){ref-type="fig"}).

2.3. Environmental variables {#sec2.3}
----------------------------

To examine the relationship between phylogenetic indices of each site and climate, represented by mean annual precipitation and mean annual temperature, we extracted mean annual precipitation and mean annual temperature for each site from the WorldClim v1.4 database (\<[www.worldclim.org](http://www.worldclim.org){#intref0020}\>; ([@bib9])) using ArcGIS 9.3 ([@bib4]).

2.4. Constructing phylogenies and assessing the phylogenetic structure {#sec2.4}
----------------------------------------------------------------------

A phylogenetic tree was generated using the informatics tool Phylomatic ([@bib41]) following [@bib46]. Our phylogenetic tree included 882 angiosperm species in the alpine region ([Fig. S1](#appsec1){ref-type="sec"}). Branch lengths were estimated according to [@bib46], combining DNA maker data with a molecular phylogeny (32,223 species) for land plants. As a result, our tree was more accurate than the APG III system tree ([@bib1]), which estimated branch length using the BLADJ algorithm implemented in Phylocom ([@bib39]).

We estimated the phylogenetic structure of the sites using two indices with the picante package ([@bib11]): NRI, based on mean phylogenetic distance (MPD); and NTI, based on mean nearest taxon distance (MNTD) ([@bib39], [@bib38]). MPD refers to the average phylogenetic relatedness between all possible pairs of taxa in one site. In contrast, MNTD represents the mean phylogenetic relatedness between each taxon and its nearest relative in the site. Based on MPD and MNTD, we calculated NRI and NTI indices, which were defined as follows:$$\text{NRI}_{\text{sample}} = -1 \times \frac{\text{MPD}_{\text{sample}} - \text{MPD}_{\text{randsample}}}{\text{SD}\left( \text{MPD}_{\text{randsample}} \right)}$$$${\ \text{NTI}}_{\text{sample}} = -1 \times \frac{\text{MNTD}_{\text{sample}} - \text{MNTD}_{\text{randsample}}}{\text{SD}\left( \text{MNTD}_{\text{randsample}} \right)}$$

We calculated the NRI and NTI for each site based on presence/absence. Then, we compared those NRI and NTI values to 9999 randomly calculated NRI and NTI values for each site, using our phylogeny to represent the entire species pool of alpine angiosperm plants in the HDMR. A two-tailed significant test was used to assess whether the observed NRI/NTI values differed significantly from zero at *P* = 0.05. Observed NRI and NTI values of less than 250 than zero indicated significant overdispersion, whereas values more than 9750 greater than zero was assumed to indicate significant clustering. These analyses were performed in R software ([@bib28]).

2.5. Analyses {#sec2.5}
-------------

We related the degree of latitude and longitude to the phylogenetic structure (NRI, NTI) of each site using linear models, and checked the differences of the phylogenetic structure between the northern and southern HDMR divided by 30°N in R software ([@bib28]). Then, variance partitioning was used to examine the contribution of independent effects and joint effects of latitude and longitude on phylogenetic structure ([@bib26]).

3. Results {#sec3}
==========

We examined 89 alpine sites in the Hengduan Mountain regions, with a total of 2371 specimen, which belonged to 882 alpine species, 231 genera and 53 families ([@bib1], [Table S1](#appsec1){ref-type="sec"}).

3.1. Phylogenetic structure along latitudinal and longitudinal gradients {#sec3.1}
------------------------------------------------------------------------

Our analyses showed that 21 (23.6%) sites showed phylogenetic overdispersion and 68 (76.4%) sites showed phylogenetic clustering among 89 alpine sites. Only 2 sites showed significantly phylogenetic overdispersion and 17 sites were significantly phylogenetic clustering. Our analyses also showed that plant tended to become clustered at higher latitudes ([Fig. 2](#fig2){ref-type="fig"}A and C): NRI values significantly increased along the latitudinal gradient ([Fig. 2](#fig2){ref-type="fig"}A), while NTI values also increased along the latitudinal gradient, but not significantly ([Fig. 2](#fig2){ref-type="fig"}C). NRI values were not significantly correlated with the longitudinal gradient ([Fig. 2](#fig2){ref-type="fig"}B), while NTI showed a marginally significant increase with increasing longitude ([Fig. 2](#fig2){ref-type="fig"}D). The Net related index (NRI) showed a significant difference (*P* = 0.016) between the northern and southern HDMR, and Net nearest taxon index (NTI) didn\'t showed the significant difference (*P* = 0.099) between the two parts of HDMR ([Fig. 3](#fig3){ref-type="fig"}). Assuming niche conservatism, this result indicated phylogenetic clustering is consistent with the importance of environmental filtering in structuring community diversity.Fig. 2Variation in community phylogenetic relatedness along latitudinal and longitudinal gradients as measured with the NRI (A and B) and the NTI (C and D). Positive index values indicate phylogenetic clustering, and negative values indicate phylogenetic overdispersion.Fig. 2Fig. 3Comparison of Net related index (NRI) and Net nearest taxon index (NTI) between the northern and southern HDMR by 30°N. The Letters indicate significant differences (α = 0.05) between the northern and southern HDMR.Fig. 3

3.2. Relative contribution of latitude and longitude to phylogenetic structure {#sec3.2}
------------------------------------------------------------------------------

Latitude and longitude are more correlated to NRI than NTI ([Fig. 4](#fig4){ref-type="fig"}, [Table S2](#appsec1){ref-type="sec"}), the unique effects of latitude and longitude to NRI were 16% and 2%, respectively. While the unique effects of latitude and longitude to NTI were low, individually explaining 4% and 6%, there were negative interactions between the effects of latitude and longitude on NRI and NTI.Fig. 4Variation partitioning of NTI and NRI values for alpine plant communities into the independent effects of latitude, longitude, and their overlaps.Fig. 4

3.3. Climate along latitude and longitude {#sec3.3}
-----------------------------------------

Annual mean temperature and precipitation both decreased significantly with increasing latitude ([Fig. 5](#fig5){ref-type="fig"}A and C). Annual mean temperature showed no significant difference along longitude ([Fig. 5](#fig5){ref-type="fig"}B), while the annual mean precipitation significantly increased with the increasing longitude ([Fig. 5](#fig5){ref-type="fig"}D).Fig. 5Latitudinal and longitudinal gradients in temperature and rainfall.Fig. 5

4. Discussion {#sec4}
=============

In HDMR, we found that mean annual temperature and precipitation both decrease along a latitudinal gradient, which indicates that environmental pressure in the region increases from south to north. Therefore, if plants spread from south to north, for example, from Yunnan to Sichuan province, they will be exposed to gradual environmental filtering during the dispersal process.

We found that alpine plant communities exhibited more phylogenetic overdispersion or random community assembly in the southern HDMR (mainly in northwest Yunnan), whereas they showed phylogenetic clustering in the northern HDMR ([Fig. 2](#fig2){ref-type="fig"}). The value of NRI showed a significant higher in the northern HDMR than in the southern HDMR, while the value of NTI was also showed a marginal significant value (*P* = 0.099) between the northern HDMR and the southern HDMR ([Fig. 3](#fig3){ref-type="fig"}). This is consistent with previous studies, which have shown that communities tend towards phylogenetic clustering along gradients of increasing environmental pressure ([@bib21]). [@bib27] tested the phylogenetic relatedness along latitudinal gradients of angiosperm trees in North America, and found that tree species assemblages tended to show more phylogenetic clustering at higher latitudes with lower temperatures. The flora of Hengduan mountain is basically temperate, and the north temperate flora is dominant ([@bib18]). This probably implies a close historical flora connection between this region and north temperate area, as many genera co-occur in these regions, like *Rhododendon*, *Pedicularis*, *lagotis Corydalis*, *Primula*, *Aconitum*, *Delphinium* and other plants.

Most plant lineages first evolved when the planet was predominately under tropical environments during the Paleocene ([@bib2], [@bib8]). In the early Eocene and Mid-Eocene, temperature decreased more quickly at higher latitudes ([@bib45], [@bib25]). This climate cooling process forced species at higher latitudes to migrate to warmer places at lower latitudes, adapt to cold climates, or suffer extinction ([@bib25]). Many plants may have spread together to lower latitudes like HDMR and nearby areas. During these processes, plant assemblages likely rearranged along the temperature gradient with the change of latitude.

On the other hand, the Qinghai -- Tibetan Plateau uplift afterwards (including HDMR), especially the extensive uplifts around between 30 and 23 Ma, 15 -- 7 Ma, and 3.6--1.6 Ma, may have triggered speciation events and adaptive radiation, leading some plant taxa to diversify, such as *Caragana* ([@bib47]), *Rheum* ([@bib33]), *Cyananthus* ([@bib49]), *Lagotis* ([@bib16]), *Corydalis* ([@bib24]), *Gentiana* ([@bib5]), *liglaria* ([@bib19]), *Pedicularis* ([@bib34]), *Primula* ([@bib29]), *Rhododendron* ([@bib42]), *Saussurea* ([@bib36]), *Saxifraga* ([@bib6]) and other taxa ([@bib42]). When the climate became warmer, many plants may have spread to northern habitats under their demands of dispersal, and they would be filtered by a set of environmental factors along a latitudinal gradient. Only fewer lineages with the amount of suitable ecological traits (e.g. cold tolerance) can survive the environmental barriers to distribute into harsher (e.g. colder) climatic conditions ([@bib30]). So, the few lineages which remain are closely related plants left due to similar biological traits, resulting in the tendency of phylogenetic clustering ([Fig. 2](#fig2){ref-type="fig"}).

The annual mean temperature was relative stable along longitude, while the annual mean precipitation was increased significantly along longitude (from west to east). Surprisingly, plant communities did not show increase phylogenetic clustering with decreased rainfall. One possible explanation is that rainfall is not an important factor in influencing phylogenetic structure along longitude in HDMR. This may be due to geological barriers to dispersal such as rivers. The direction of rivers from north to south in this region make the dispersal along a west--east axis, namely, longitudinally, very difficult for alpine plants whose dispersal mechanisms rely mainly on dry fruits, like capsules, capitulum, siliqua, and follicles ([@bib23]). On the other hand, plants can travel much easier along the crest lines of mountain chains without great difficulty ([Fig. 2](#fig2){ref-type="fig"}). Therefore, the pattern of phylogenetic clustering along an increasing latitudinal gradient was much clearer than along increasing longitudinal gradient. The correlation between phylogenetic structure and latitude and longitude was more significant using the NTI. This is most likely because the NTI is more sensitive than the NRI. Because only a small amount of plant can change more evidently the NTI than NRI among the sites, like the plants with strong dispersion capacity can transfer though the great barrier of rivers.

5. Conclusion {#sec5}
=============

In summary, our results showed the pattern of phylogenetic overdispersion in the southern HDMR and clustering tendency in the northern HDMR, that indicated the environmental filtering (especially the mean annual temperatures) affected the lineages present. the pattern of phylogenetic structure along increasing longitude probably related to the barrier of rivers, and needed more research.
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